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Introduction
A reliable and valid assessment of voice quality is essential for the management of voice disordered patients, both contributing to differential diagnosis and functioning as an outcome measure. [1] [2] [3] Perceptual analysis is considered a central component in this assessment, as
Orlikoff et al 4 describe that for many patients, the most important factor of their voice disorder is how their voice is perceived by others. There are a number of methods to quantify perceptual analysis, and most make use of a rating scale. The two main approaches are either to describe the voice quality in global terms (e.g. 'severely disordered', 'normal voice') or to define characteristics of the voice such as the degree of breathiness or roughness. 5 Two auditory-perceptual evaluation tools used worldwide by clinicians are GRBAS and CAPE-V. GRBAS evolved from the work of researchers in the Japanese Association of Logopaedics and Phoniatrics and was described by Hirano in 1981. 6 Four parameters, G -grade (overall dysphonia severity); R -roughness; B -breathiness; A -asthenia (weakness); and S -strain, are rated on a four-point interval scale. A score of 0 represents an absence of impairment. A score of 1, 2 or 3 represents mild, moderate or severe severity of the parameter, respectively.
The work of Kreiman et al 1 and Gerratt et al, 7 Given the increased resolution of the measurements obtainable from CAPE-V, this tool is more sensitive to the parameters measured compared with the four-point scale of GRBAS. 9 Additionally, CAPE-V measures two additional parameters -pitch and loudness -and omits asthenia from the evaluation. Despite these differences, studies have shown that there is a high degree of consensus between the two scales, both when used jointly 10 57 found excessive variation of F0 was the most frequent marker, with high shimmer in both gender groups and high jitter in women only.
In summary, there is significant evidence that voice quality abnormalities are of concern in the MSD population. In addition, the literature reporting acoustic analyses of these disorders has grown to the point that an acoustic typology of them can be constructed. 58 Yet, despite the reported benefits of CPP analyses over more traditionally employed acoustic parameters for specific voice pathologies, there is currently no information on the suitability of the cepstral measures in the motor speech population.
This study aims to fill this gap and investigate the validity of cepstral analyses in reflecting the perceptual impression of overall dysphonia, roughness, breathiness, and asthenia in speakers with motor speech disorders. As part of this investigation, the study examined (1) how cepstral analyses compare to other conventionally used acoustic measures of voice quality in how well they correlate with perceptual measures in this population; (2) how well any of the acoustic measures were able to discriminate between the different types of motor speech disorders; and (3) whether there was a difference in measurement reliability and validity for speech and non-speech tasks across the measures.
Method

Participants
Voice samples of 43 speakers with PD and 10 participants with ataxia were used in this study.
The PD group consisted of 31 males and 12 females. Ages ranged from 46 to 85 years, with a mean ± SD of 68.02 ± 8.58 years. PD severity was rated with the Hoehn and Yahr scale. 59 Stages ranged from 1 to 5, with a median stage of 2.5. The ataxia group consisted of 5 males and 5 females. Ages ranged from 28 to 72 years, with a mean ± SD of 51.5 ± 13.6 years.
Severity of dysarthria in both groups ranged from mild (no articulatory impairment but mild changes to voice quality and volume) to moderate/severe (significant articulatory impairment leading to largely unintelligibile speech, combined with changes to voice quality of various degrees).
Procedure
The data had been recorded as part of other investigations by the second author. 60, 61 Three recordings were used for each participant consisting of: 1. sustained phonation of /a/ for as long as comfortable; 2. a reading passage (the Cherry tree passage 62 for the PD speakers, and the Cinderella Passage 63 for the ataxia participants); and 3. a spontaneous speech sample, consisting of a monologue about a favourite holiday (PD) or story recall of the reading passage (ataxia).
Data had been recorded in the participants' homes or at the university with a DAT recorder (Tascam DA-P1) and a condenser microphone, and digitised using CSL (Kay Elemetrics, Model 4300B) at a sampling rate of 20 kHz.
These recordings were edited in preparation for analysis as follows. The sustained vowel samples were trimmed to include only a 3 second portion starting from one second into the sample. All editing was done automatically using Sony Sound Forge Pro software (version 10.0). Manual checking of the continuous speech samples excluded any pauses lasting longer than 2 seconds and any unusable parts (e.g. speech from the interviewer, coughing, intrusive external noise). The samples were then automatically trimmed to include a 20 second portion from the middle. Finally, a second version of the connected speech samples was created where the voiced segments were removed using a modified Praat script by Paul Corthals. 64 This resulted in five recordings for each participant: one sustained vowel; one original reading passage; one reading passage with only voiced segments; one original sample of spontaneous speech; and one sample of spontaneous speech with only voiced segments.
Dysphonia ratings
Studies have shown that the two widely used auditory perceptual evaluation tools, GRBAS and CAPE-V, have high reliability with each other, and either can be used in auditoryperceptual evaluation. 10, 11 The omission of asthenia or weakness in CAPE-V and the pertinence of measuring this parameter in MSD, particularly the PD population, 65 meant that GRBAS was selected for use in this study.
GRBAS scores were determined by the first author, who had received voice analysis training during the SLT qualifying course and additional input as part of the research internship. The original versions of the connected speech samples were randomised and analysed in one single sitting. In order to determine intra-rater reliability, 50% of the samples were rated a second time one week later. A further 10% of the samples were rated by an experienced speech and language therapy researcher with GRBAS training and several years of experience judging voice quality to determine inter-rater reliability.
Intra/interrater reliability was explored using the Spearman rank-order correlation coefficient (rs). Reliability was high for almost all parameters across intra-and inter-rater comparisons. On the other hand, both inter-and intra-rater reliability was poor for strain (rs = 0.351, p = 0.081; rs = 0.271, p < 0.261). The poor reliability for this parameter is a reflection of a methodological issue related to GRBAS scoring, i.e. there is a visual perceptual element in the rating of strain, which renders investigations that are purely based on audio materials difficult. On this basis, only G, R, B, and A were used in this investigation.
Acoustic Analysis
In order to identify the best match between perceptual and acoustic measures, a wide variety of acoustic methods were initially investigated, including percent jitter, relative average perturbation (RAP), pitch perturbation quotient (PPQ), percent shimmer, shimmer in dB,
amplitude perturbation quotient (APQ), and harmonics-to-noise-ratio (HNR). All measures were performed twice on two commonly used analysis systems, Multi-Dimensional Voice
Program™ (MDVP) and Praat, with the exception of HNR, which was only available from
Praat. In addition, cepstral peak prominence (CPP) and smoothed CPP (CPPs) were measured for all samples. A detailed description of the CPP and CPPs algorithm is provided in Hillenbrand et al 33 and Hillenbrand and Houde. 66 Current data were extracted using
Hillenbrand's script (available online at: http://homepages.wmich.edu/~hillenbr/cpps.exe).
In total, 15 measures were thus gathered for each sample, resulting in around 3600 data points.
Statistical Analysis
Statistical analyses were completed using SPSS (version 19.0). The correlation between perceptual ratings of G, R, B, and A, and the 15 acoustic measures was determined using the Spearman rank-order correlation coefficient (rs). The Mann-Whitney U test was used to compare differences between the participants with PD and ataxia and the Wilcoxon singedrank test was used to compare the measurement values across the two analysis systems. An alpha level of 0.05 was used to determine statistical significance.
Results
Data Reduction
In order to reduce the 3600 data points, these were compared with each other to establish which measures from which analysis system corresponded best to the perceptual evaluation.
The Wilcoxon signed-rank test and Spearman rank order correlation were used to compare the data. The results suggested that MDVP data correlated more often with perceptual results than Praat findings. Only the HNR measure was therefore retained from Praat. There was no significant difference between reading and spontaneous speech data, which made one of these data sets redundant. Only the reading data were therefore included as these were more comparable across participants. Significant differences were found between measures of the original connected speech samples and the samples including only voiced segments. Results from the latter correlated better with overall dysphonia ratings (G). This is in line with the convention to use voiced only segments when analysing connected speech (thus emulating sustained vowel production), and only the filtered connected speech data were therefore used for subsequent analysis.
As a result of this data reduction exercise, the following report of results will only concentrate on the measures taken from the sustained vowel and voiced segment only reading passage data, and restrict itself to CPP, CPPs (from Hillenbrand's script), jitter (%), RAP, PPQ, shimmer (%), shimmer (dB), APQ (from MDVP) and HNR (from Praat). Figures 1 and 2 show the participants' perceptual scores G, R, B, and A for sustained vowel and reading tasks. In the sustained vowel task, median values for G, R, B, and A were 1.5, 0, 1, and 0 respectively. In the reading task, median values for G, R, B, and A were 1, 0, 0, 1 respectively.
Auditory-perceptual ratings
---insert figures 1 & 2 around here ---
Acoustic Measures
Summary statistics for each of the acoustic measures are shown in Table 1 , and correlations between perceptual ratings and the acoustic measures are presented in Table 2 . In three of the four perceptual parameters (grade, breathiness, and asthenia) CPP and CPPs correlated better than the other acoustic measures. This was the case for both the sustained vowel and reading. In relation to task differences, there was a higher number of significant correlations for the sustained vowel task (n = 20) than for reading (n = 15).
---Insert table 1 around here ------Insert table 2 around here ---
Differences between PD and Ataxia
A Mann-Whitney U test revealed no significant differences between participants with PD or ataxia in any of the acoustic or perceptual measures for both connected speech and sustained vowel samples (see Table 3 ).
---insert table 3 around here ---
Discussion
The purpose of this study was to apply cepstral measures and other more conventional acoustic measures of voice quality to motor speech disorders in order to investigate whether cepstral measures are more valid in determining the perceptual impression of overall dysphonia, roughness, breathiness, and asthenia patients with motor speech disorders, or more sensitive to differences between different types of disorder. In addition, the suitability of sustained vowels versus connected speech data for this analysis was examined.
This study found that cepstral measures (i.e. CPP and CPPs) correlated most consistently and most strongly with overall dysphonia, breathiness and asthenia in both sustained vowel and reading samples. Jitter (%), RAP, and PPQ were also good predictors of overall dysphonia and breathiness in sustained vowels only; elsewhere their validity was poor. The other measures, although at times statistically significant, were poor at predicting any perceptual ratings. The observation that none of the measures in this study were particularly well correlated with roughness is also consistent with previous studies. There is conflicting evidence as to which acoustic measure is the ideal predictor of roughness with studies showing jitter to be more strongly related than shimmer, and vice versa. 23, 25, 68, 69 The current study found that shimmer measures (shimmer % and dB, and APQ) correlated with perceptions of roughness better than jitter measures (jitter %, RAP, and PPQ) on sustained vowels, and the opposite result in reading samples.
No difference was found between the two MSDs investigated in this study, PD and ataxia.
Given that perceptual studies describe differences in terms of voice quality in these populations, this may have been due to limitations of study such as the small sample size, and the relatively mild severity of voice problems in both groups. It is thus an area that would benefit from further investigation. Another clinical consideration is the applicability of the measurement procedure. This study used a standalone programme freely available on the internet, however, many clinicians will not have the technical skills to perform this analysis by these means. 
Conclusion
This study has shown that cepstral measures, namely CPP and CPPs, remain a robust and valid predictor of overall dysphonia and breathiness in pathological voice arising from a MSD, irrespective of speech task. In addition, this study suggests cepstral measures may be clinically useful predictors of asthenia in this patient group. This is an important finding as no other studies have included asthenia in their correlations with cepstral measures and it is of particular importance with motor speech disorders such as hypokinetic dysarthria, in which a weak voice is of diagnostic importance. This finding thus merits further investigation.
Although these results are in agreement with other studies of cepstral analyses in voice disordered populations in general, improvements could be made in several areas of this study.
Limitations of sample size and severity profile were already alluded to above. Ideally, groups should have been matched in size, and the severity of the voice problem should have been more wide ranging from normal through to severely disordered, which would have allowed the evaluation of the specificity of cepstral measures in differentiating severity of the voice disorder. In addition, despite the strong inter-and intrarater reliability, more raters would have given greater consensus of the perceptual parameters with which to correlate the acoustic parameters.
Despite these limitations, our study has provided an indication that cepstral analysis appears to be a valid tool in the acoustic analysis of hypokinetic and ataxic dysarthria, and should be applied in conjunction with the other measures typically used by clinicians at present. Future studies are necessary to investigate this area further, with particular emphasis on establishing a normative database and looking further into the discriminatory diagnostic value of the 
